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For a full understanding of the properties of the
human skin barrier, physical macroscopic parameters
of barrier function must be correlated to the struc-
tural organization of the barrier on a molecular level.
This study was undertaken to relate differences in the
relative composition of the three main lipid classes
of human stratum corneum, i.e., free fatty acids,
cholesterol, and ceramides, to differences in trans-
epidermal water loss, stratum corneum electrical
impedance, and corneometer value. A new high per-
formance liquid chromoatography/light scattering
detection-based analysis method recently developed
was used for collection of quantitative lipid data in
conjunction with gas chromatography/mass spectro-
metry/flame ionization detection measurements on
the free fatty acid fraction. After subtraction of
contaminating lipid fractions we have estimated the
Intercellular lipid structures in the stratum corneum areresponsible for the barrier function of mammalian skin(Blank, 1952). In addition, this intercorneocyte space repres-ents the true pathway for essentially all substances, withwater, which passes more or less freely through corneocytes,
as a major exception (Michaels et al, 1975; Bodde´ et al, 1990).
Thin-layer chromatographic analyses of the lipids extracted from
human and mammal skins have revealed that the human skin is
unique with regard to its high content of long chain ceramides
(Gray and White, 1978). In addition to ceramides, free fatty acids,
and cholesterol constitute the bulk of the barrier lipids. The
dominance of saturated long chain ceramides and free fatty acids
suggests that this bulk of barrier lipids reside in crystalline (gel)
domains, which are impermeable to water. The domain mosaic
model (Forslind, 1994) predicts that these crystalline domains are
separated by ‘‘grain borders’’ of lipids in a liquid crystalline state,
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molar ratio of the human skin barrier lipid composi-
tion to be, respectively, 15% cholesterol esters, 16%
saturated long chain free fatty acids, 32% cholesterol,
and 37% ceramides. The inter-individual difference in
the relative amount of free fatty acids, cholesterol, and
ceramides, respectively, can be >100% in the individual
case. It was found that the relative amount of ceramides
to cholesterol is larger in the wrist area, paralleled by
a higher transepidermal water loss and corneometer
value as well as different skin electrical impedance
values as compared with the upper forearm area. We
conclude that the site-dependent differences in the
stratum corneum lipid composition are small com-
pared with the large inter-individual variation.
Interestingly, in the individual case, no correlation
was registered between relative ceramide content and
barrier properties. Key words: electrical impedance/
HPLC/lipids/TEWL. J Invest Dermatol 112:72–77, 1999
which may allow for diffusion of water and hydrophilic as well as
lipophilic substances through the skin barrier (Engstro¨m et al, 1995).
To fully understand the properties of the skin barrier, physical
macroscopic parameters of barrier function must be correlated to
the structural organization of the barrier at a molecular level. In
recent years attempts have been undertaken to relate lipid content
to barrier deficiency, e.g., using thin layer chromatography and
evaporimeter measurements of transepidermal water loss (TEWL)
(Grubauer et al, 1989; Di Nardo et al, 1997). TEWL alone,
however, is a nonspecific measure of barrier function, affected
by skin irritation processes and very sensitive to air humidity,
temperature, etc., and must therefore be combined with other
techniques to allow proper interpretations. Accordingly, this study
was undertaken to relate differences in the relative composition of
the three main lipid classes of human stratum corneum, i.e., free
fatty acids, cholesterol, and ceramides, to differences in TEWL,
stratum corneum electrical impedance, and corneometer (CM)
value. A new high performance liquid chromoatography/light
scattering detection-based analysis method recently developed
(Norle´n et al, 1998) was used for collection of quantitative lipid
data together with gas liquid chromatography (GLC), mass spectro-
metry, and flame ionization detection (FID) measurements on the
free fatty acid fraction.
The in vivo study comprised of three depths (skin surface, inner
stratum corneum, outer stratum corneum; Brody, 1968) and two
locations (forearm and wrist). Biopsies were taken from the areas
under study, for light and electron microscopy, to evaluate to what
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extent stripping and lipid extraction of the human female forearm
removed stratum corneum cell layers and lipids, respectively. The
forearm was chosen because it is a predilection area for skin
reactions and an area of choice in clinical experimental studies, due
to its low content of hair follicles and sebaceous glands. Special
attention was paid to the inter-individual variation of free fatty
acids, cholesterol, and ceramides, which has to be taken into
account when site-dependent differences in lipid content are related
to physical parameters of barrier function. Finally, an estimation
was made of the total relative lipid composition of the human
skin barrier in weight and molar fractions, with corrections for
contamination, inter-individual variation, and site-dependent
variation.
MATERIALS AND METHODS
Patients For the in vivo extraction experiment, 22 healthy females (22–
40 y of age; median, 29) from a population of students of dentistry and
medicine at Huddinge University Hospital were used during February to
June 1996. All participants were judged devoid of skin disease by a
thorough dermatologic health history. Subjects with a susceptibility for dry
skin, atopic dermatitis, asthma, contact dermatitis, allergy, or any other
skin disease at present, in childhood, or in the biologic family were
excluded. Prior to the experiment none of the subjects had used skin care
products on the investigated area for 3 d. The participants had given their
informed consent and the study was approved by the ethical committee of
Huddinge University Hospital.
For the in vitro assay of stratum corneum lipids, full-thickness human
skin from the breast region of 20 healthy females (17–52 y of age; median,
26), was obtained at reconstructive surgery. The material was subsequently
kept in a freezer at –70°C for a period varying from 3 wk to 3 mo.
Extraction procedure Details of the extraction procedure we use have
been given elsewhere (Norle´n et al, 1998). Three areas on the volar side
of the right lower arm were extracted; the upper part, the mid part, and
the wrist. Initially, the skin was washed with a cotton swab drenched in
cyclohexane to remove surface lipids. To expose the inner stratum corneum,
the skin of the mid-forearm was stripped 15 times with adhesive tape
(Scotch, 3M). The upper forearm and wrist areas were left unstripped. An
extraction chamber made from Teflon was strapped to the skin area, filled
with hexane:isopropanol (3:2 vol/vol) (gas chromatography-grade, J.T.
Baker, Deventer, Holland) (Hara and Radin, 1978; Radin, 1981) and
stirred for 10 s. Finally, the solvent extract was collected by a glass pipette
into a glass container. This procedure was repeated 15 times for each area.
The extracted lipid contents were weighed and stored in glass test tubes
(n 5 3 3 22 5 66) in 1 cm3 of chloroform:methanol (1:1 vol/vol) under
nitrogen for µ4 wk at –70°C before analysis.
For each individual a blank (n 5 22) was collected in parallel with the
stratum corneum lipid samples. In seven individuals, a skin surface lipid
sample from the mid-forearm was collected and analyzed.
The in vitro extracted stratum corneum from breast skin samples
(n 5 20) was prepared by a method previously described (Norle´n et al,
1997) and extractions were performed according to the Folch method
(Hamilton et al, 1991).
Micromorphology Three millimetre punch biopsies (n 5 4 3 22 5
88) were taken before and after stripping, and before and after lipid
extraction of the stripped and nonstripped areas, respectively, in all 22
individuals. The specimens were fixed in 2.5% glutaraldehyde (Agar
Scientific, Stanstead, Essex, U.K.) with 0.1 M sucrose in a sodium
cacodylate buffer, pH 7.2. The biopsies were then submerged in 0.1 M
sodium cacodylate buffer with 0.1 M sucrose. After thorough rinsing in
buffer the specimens were dehydrated in a graded ethanol series with 2%
uranyl acetate in absolute ethanol followed by acetone, embedded in
LX112 (Ladd Research Industries, Burlington, VT) and polymerized at
60°C for 2 d. Semi-thin sections were cut and stained with 0.1% toluidine
blue with 0.1% sodium borate (Benscome et al, 1959).
Lipid analysis All samples were split in two parts for high performance
liquid chromoatography/light scattering detection analysis and GLC/FID/
mass spectrometry analysis, respectively. All runs included two recordings.
High performance liquid chromoatography/light scattering detection system Class
separations were performed on a LiChrosphere 100 DIOL, 5 µm,
250 mm 3 4 mm dihydroxy propylsilica column (Merck, Darmstadt,
Germany). The detector (evaporative light-scattering principle) used was
a Sedex 55 (SEDERE, Paris, France). The analytical system has been
described in detail elsewhere (Norle´n et al, 1998). Lipid samples (0.2–
0.4 mg) were passed through an 0.5 µm filter and injected onto the column
in 10 µl of chloroform/methanol 1:1 (vol/vol).
Calibration curves for all lipid components were run daily to compensate
for variations in detector response over longer term use. Coefficients of
correlation were calculated for all calibration curves to ensure linearity in
the concentration ranges used. With every experiment set, blanks were
run for background reduction.
GLC/FID system A detailed presentation of the system used is presented
elsewhere (Norle´n et al, 1998). The free fatty acids fraction of the samples
were separated by solid phase separation (NH2, Sep-Pak, Waters, Milford),
methylated using BF3-methanol, and dissolved in 10 µl hexane before
injection onto the column. The individual free fatty acid methyl esters
were analyzed by GLC on a 30 m quartz capillary column with a bonded
stationary phase of diphenyl (5%) and dimethyl (95%) siloxane copolymer
(HP-5, Hewlett Packard, Corvallis, OR). Peak identification was performed
by mass spectrometry (Hewlett Packard) and quantitation of peak areas by
FID. Detector linearity was checked by use of saturated fatty acid methyl
esters standards. Tricosanoic acid methyl ester (C23:0) was used as an
internal standard and theoretical response factors were used to correct the
raw peak areas of the individual fatty acid methyl esters in the sample.
Assessments of the areas of the chromatographic peaks were made by a
computing integrator (CR5A Cromatopac, Shimadzu, Tokyo, Japan). Lipid
samples (3–6 µg) were injected onto the column in 0.4 µl of hexane. With
every experiment set, blanks were run for background reduction.
Biophysical measurements All biophysical measurements included two
recordings and were performed at ambient temperature (24°C). Before
washing with cyclohexane, skin electrical impedance, TEWL, and CM
value were recorded over the upper forearm and wrist areas and before
and after stripping of the mid forearm area. The electrical impedance
reading was always performed last because the skin surface had to be soaked
with physiologic saline solution for 1 min prior to the measurements in
order to reduce the high impedance of the outermost stratum corneum.
The evaporimeter (EP 1C, Servomed, Go¨teborg, Sweden) was run for
at least 15 min prior to use. During the measurement the evaporimeter
was allowed to stabilize before the mean value was recorded with zero
decimals. All measurements were performed according to the guidelines
from the standardization group of contact dermatitis (Pinnagoda et al, 1990).
The CM value was evaluated using a Corneometer (CM820, Courage
and Khazaka Gmbh, Cologne, Germany). Application of the probe head
to the skin was made with constant force (3.5 N) provided by the spring-
loaded probe. The output of the CM reflects changes in the stratum
corneum hydration, in arbitrary units, down to an approximate depth of
0.1 mm (Blichmann and Serup, 1988). All CM measurements were
performed first in every set of runs to avoid the hydrating effect of
evaporimeter probe application and pretreatment with physiologic saline
solution in the electrical impedance measurements. Recording time was 3 s.
The skin electrical impedance technique used is given a more detailed
presentation elsewhere (Nicander et al, 1997). The electrical impedance
records the magnitude and the phase at 31 logarithmically distributed
frequencies between 1 kHz and 1 MHz in a volume under the probe.
Only one depth setting was used, chosen to minimize influence from
deeper layers of the skin. One file containing six recordings (two from
each of the three areas) was created for each subject.
We used four indices, representing changes with frequency along the
four major aspects of electrical impedance space (Ollmar and Nicander,
1995; Nicander et al, 1996; Ollmar et al, 1997), for extraction of information
from the impedance spectra: (i) magnitude index (MIX) 5 abs(Z20kHz)/
abs(Z500kHz); (ii) phase index (PIX) 5 arg(Z20kHz) – arg(Z500kHz); (iii) real
part index (RIX) 5 Re(Z20kHz)/abs(Z500kHz); (iv) imaginary part index
(IMIX) 5 Im(Z20kHz)/abs(Z500kHz), where abs(Zi) is the magnitude
(modulus) of the complex electrical impedance at the frequency i, arg(Zi)
the argument (phase angle) in degrees, and Re(Zi) and Im(Zi) the real and
imaginary parts, respectively, of the complex electrical impedance. The
magnitudes and the phase angles were delivered from the instrument to
the computer, after which the real and imaginary parts were calculated.
RIX mainly reflects changes in conductivity, whereas IMIX reflects
reactance changes, which are of capacitive nature. MIX mirrors changes
along the length of the vector describing impedance in complex space,
which is emphasized if the real and imaginary parts change in the same
direction and proportion. PIX is emphasized if the real and imaginary parts
change in different directions and/or in different proportions.
The electrical impedance indices were treated separately, although they
are interdependent. For quantitation of stratum corneum alterations one
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Table I. Median relative amount in weight percentage of
free fatty acids, cholesterol, and ceramides
Variable N Median Range
Stripped mid-forearm Free fatty acids 22 28 16–39
Cholesterol 22 24 11–31
Ceramides 22 47 30–71
Non-stripped upper forearm Free fatty acids 22 35 19–47
Cholesterol 22 19 10–30
Ceramides 22 43 27–71
Non-stripped wrist Free fatty acids 22 33 17–43
Cholesterol 22 16 8–32
Ceramides 22 49 31–73
of the dominant indices (RIX or IMIX) would suffice. The additional
indices (MIX and PIX) can be used for classification in terms of patterns
of significant deviations from baseline or reference.
Statistics A STATISTICA 5.1 software (Statsoft, Tulsa, OK) was
employed for statistical calculations. Descriptive statistics were used to
construct 95% confidence intervals of means and factor sum of squares.
Analysis of variance (ANOVA) with post-hoc multiple comparisons [least
significant difference test based on the studentized range (Snedecor and
Cochran, 1980)] and with orthogonal comparisons (Snedecor and Cochran,
1980), respectively, were used where data were considered to be normally
distributed. Non-parametrical statistics [Friedman analysis of variance with
and without comparison of groups of conditions with a control (Siegel
and Castellan, 1988) and Wilcoxon matched pairs test] were used where
data were not considered to be normally distributed. All tests of hypothesis
were performed on the 5% significance level (α 5 0.05).
RESULTS
Micromorphology Light microscopy of biopsies from mid-
forearm skin revealed that 15 strippings approximately removed
four-fifths of the stratum corneum thickness, leaving 2–5 inner cell
layers intact. No conspicuous edema was registered in any of the
22 biopsies from the stripped mid-forearm area. Stripping without
previous extraction [hexane:isopropanol (3:2 vol/vol)] left 3–4
closely adherent corneocytes at the bottom of the stratum corneum.
After stripping and lipid extraction the dense border seen between
the stratum granulosum and stratum corneum remained unaffected,
whereas the intercellular spaces at higher levels opened up as a
result of the extraction.
Lipid analysis results The amount of lipid extracted in vivo per
cm2 from nonstripped forearm skin, stripped forearm skin, and
wrist skin were 0.157 6 0.039 mg per cm2 (95% confidence
interval), 0.127 6 0.021 mg per cm2 (95% confidence interval),
and 0.218 6 0.038 mg per cm2 (95% confidence interval),
respectively.
The median and range of the free fatty acid fraction, the
cholesterol fraction and the ceramide fraction in the stripped mid
forearm sample, the nonstripped upper forearm sample and the
nonstripped wrist sample are tabulated in Table I.
Site-dependent differences and differences in lipid composi-
tion between stripped and nonstripped forearm stratum
corneum Using Friedman analysis of variance with comparison
of groups of conditions with a control (n 5 22) (Siegel and
Castellan, 1988; Ch. 7, pp. 181–183), it was found that, on the
5% level, the relative amount of free fatty acids and cholesterol
were not statistically significantly different in the upper forearm
sample as compared to the wrist sample. The relative amount of
ceramides was statistically significantly higher in the wrist sample
as compared to the forearm sample. The relative amount of free
fatty acids was statistically significantly lower in the stripped sample
as compared to the nonstripped sample. The relative amount of
cholesterol and ceramides were not statistically significantly different
between the stripped and nonstripped samples. We are aware of
the fact that a significant difference in one fraction (e.g., the free
fatty acid fraction) will exert an influence on the other fractions
Table II. Inter-individual variation among free fatty acids,
cholesterol, and ceramides in the stripped samplea
Factor sum of squares
divided by the squared mean
Factor sum of of each fraction
Lipid fraction dF squares (mg2) (dimensionless)
Free fatty acids 21 0.002266 8.4526
Cholesterol 21 0.001433 8.6702
Ceramides 21 0.004741 5.4152
aData calculated as factor sum of squares and normalized for sample size by division
by the squared mean of each fraction. No conspicuous difference in sample
distribution between different lipid fractions was present.
Table III. Differences in the relative amount of free fatty
acids, cholesterol, and ceramidesa
Sum of ranks
Surface Outer stratum Inner stratum
Lipid fraction corneum corneum p level
Free fatty acids 21 14 7 ,0.05
Cholesterol 9 15 18 ,0.05
Ceramides 11 14 17 .0.05
aData are based on Friedman analysis of variance (n 5 7).
(cholesterol and ceramide fractions) since they are interdependent
(each fraction given in percentage of total). Consequently, the
α-errors might be a little higher than 5%.
Using Wilcoxon matched pairs test (n 5 22), the relative amount
of unsaturated oleic acid (C18:1) to corresponding saturated stearic
acid (C18:0) was not statistically significantly different between the
forearm sample and the wrist sample (n 5 22, p . 0.05).
Using analysis of variance with posthoc least significant difference
test based on the studentized range (n 5 22) (Snedecor and
Cochran, 1980; Ch. 12, pp. 234–235), it was found that, on the
5% level, the absolute amount of cholesterol to ceramides was
statistically significantly higher in the upper forearm sample as
compared to the wrist sample. The absolute amount of cholesterol
to ceramides was not statistically significantly different in the
stripped sample as compared to the nonstripped sample.
Inter-individual variation In the total sample, the biologic
variation of the absolute amount of cholesterol to ceramides was
10.1%. The precision (random error) of the analysis method
was 3.2%.
Interindividual variation, tabulated as factor sum of squares,
among the free fatty acid, cholesterol and ceramide fractions in the
stripped sample is presented in Table II. No conspicuous difference
in sample distribution between the different lipid fractions was
present.
Differences in lipid composition between skin surface, non-
stripped and stripped forearm skin Using Friedman analysis
of variance (n 5 7), it was found that, on the 5% level, the
relative amount of cholesterol and free fatty acids were statistically
significantly different between inner stratum corneum, outer stratum
corneum and skin surface. No statistically significant difference was
recorded in the ceramide fraction (Table III).
Breast skin cholesteryl esters The median relative amount of
cholesteryl esters to ceramides in human female breast skin was
38.3% (wt/wt), the maximum being 57.7% and minimum being
20.0% (n 5 20).
Biophysical measurements A summary of TEWL, CM value
and skin electrical impedance results are shown in Table IV, from
which patterns of deviations in different biophysical parameters can
be drawn. The values are presented as 95% confidence intervals of
means, of differences between wrist and upper forearm, and of
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Table IV. Differences in TEWL, CM value, and skin electrical impedancea
Difference between wrist and Difference between stripped and
upper forearm nonstripped mid-forearm
TEWL (g per m2 per h) 2.86 6 1.13 3.19 6 1.14
CM value (arbitrary units) 7.36 6 3.99 12.66 6 2.50
RIX (dimensionless) 20.28 6 0.17 20.43 6 0.13
IMIX (dimensionless) 1.99 6 0.59 0.25 6 0.48
MIX (dimensionless) 1.82 6 0.54 0.12 6 0.46
PIX (degrees) 1.98 6 3.09 6.15 6 1.99
aA minus sign indicates that the difference is negative.
differences between stripped and nonstripped mid-forearm skin,
respectively. The precision (random error) and biologic variation
was 12.9% and 21.3%, respectively, for the TEWL measurements
and 2.9% and 17.8%, respectively, for the CM value measurements.
The mean TEWL and the mean CM value of the mid-forearm
were 5.3 6 0.2 per gm2 per h (95% confidence interval of mean)
and 55.8 6 2.1 (95% confidence interval of mean), respectively.
Site-dependent differences and differences in lipid composi-
tion between stripped and nonstripped forearm stratum
corneum Using analysis of variance with orthogonal comparisons
(L1 5 difference between wrist and upper forearm, L2 5 difference
between stripped and nonstripped mid-forearm) (Snedecor and
Cochran, 1980; Ch. 12, p. 226), on the 5% significance level (n 5
22), TEWL and CM value were statistically significantly higher,
whereas RIX was statistically significantly lower in the wrist as
compared with the upper forearm. TEWL and CM value were
statistically significantly higher, whereas RIX was statistically signi-
ficantly lower in the stripped mid-forearm skin as compared with
the nonstripped mid-forearm skin.
Correlation between biophysical properties and lipid
composition On an individual level, no correlation was observed
between TEWL, CM value, skin electrical impedance (RIX) of
the nonstripped mid-forearm, and relative amount of ceramides
and monounsaturated oleic acid (18:1), respectively.
DISCUSSION
This study was undertaken to relate differences in lipid composi-
tion, between individuals in the population and between different
body sites (forearm, wrist), to differences in barrier properties, as
evaluated by TEWL, CM value, and skin electrical impedance. On
an individual level, however, no such correlation was observed.
This suggests that no single skin barrier lipid component (e.g., the
ceramides, mono-unsaturated free fatty acids) is responsible for
certain barrier characteristics (e.g., TEWL, skin water content,
etc.), which has been suggested (Grubauer et al, 1989). Rather, the
large inter-individual differences recorded [.100% (Table I), after
subtraction of the instrumental variation (Norle´n et al, 1998)] in
the relative amount of the main skin barrier lipid species (free fatty
acids, cholesterol, and ceramides) do not appear to have appreciable
effects on the barrier properties in the individual case. Consequently,
a correlation between lipid content and barrier properties can only
be distinguished in the population as a whole. It should be
emphasized that coexistence of, for example, high ceramide content
and high stratum corneum water content in the population does
not imply that there is a true correlation because other factors may
be involved.
It was found that the relative amount of free fatty acids is lower
in the inner stratum corneum as compared with the outer stratum
corneum. This discrepancy may be interpreted as being due to a
lower degree of contamination in the stripped sample (Norle´n et al,
1998), but may also partly be due to different enzymatic activities
or to recycling of predominantly short chain free fatty acids from
the skin surface, originating from sebaceous glands and/or the
environment (Bonte´ et al, 1997). The amounts of cholesterol and
ceramides did not differ between the inner and the outer stratum
corneum. As human sebaceous gland lipid mixtures are practically
devoid of free sterols (Stewart and Downing, 1991), essentially all
cholesterol must originate from the stratum corneum. The role of
cholesterol in the skin barrier is not yet understood (Engblom et al,
1997), but it has been suggested that cholesterol is operating as a
line-active substance (cf. two-dimensional surfactant – ‘‘lineactant’’ –
proposed by Prof. Håkan Wennerstro¨m, Lund University, Lund,
Sweden), situated in the interzone between crystalline and liquid
crystalline phases. In addition, cholesterol is claimed to fluidize
crystalline (gel) structures and to stabilize lamellar liquid crystals
(personal communication with Prof. Stig Friberg, Clarkson
University, Potsdam, NY).
Possible gradients of the relative amounts of free fatty acids,
cholesterol, and ceramides from lower stratum corneum to the skin
surface (Table III) were considered. As expected, the free fatty
acid fraction dominated the surface lipid samples due to the high
amount of short chain free fatty acids (,20C) in skin surface sebum
(Stewart and Downing, 1991). It is evident that the relative amount
of cholesterol is very low on the skin surface. This cannot only be
due to the relative increase of the free fatty acid fraction because
the ceramide fraction, which exclusively originates from the stratum
corneum intercellular lipid structures, is only marginally lower on
the skin surface as compared with the bulk stratum corneum. From
this we may conclude that (i) cholesterol may be esterified into
cholesteryl esters during the passage to the shedding of stratum
corneum, and (ii) the total ceramide fraction is not degraded to a
substantial degree during the passage from the inner stratum
corneum to the skin surface; however, individual ceramide sub-
species may behave differently.
One problem with biophysical measurements of skin barrier
function is that only an indirect measure is obtained. TEWL, CM
value, and skin electrical impedance not only depend on the lipid
structures and their organization but also on the protein part, the
total amount of water, and the compartmentization of water in
the system (e.g., intraor extracellularly). We thus have to deal
with a multicomponent, polymorphic system. Undoubtedly, data
obtained from the study of such a system are very difficult to
evaluate in depth.
The biophysical characteristics are clearly different between mid-
forearm inner and outer stratum corneum, with a higher surface
water evaporation (TEWL), a higher skin surface hydration (CM
value), and different water distributions and/or amount and
mobilities of charge carriers (RIX and PIX) in the inner part.
These differences may reflect differences in lipid organization and
protein structure between outer and inner stratum corneum, but
could also partly be explained by tissue damage imposed by the
stripping procedure, e.g., mechanical disruption of the intercellular
lipid bilayers. In this study, however, no conspicuous edema was
registered in any of the 22 biopsies from the stripped area.
The relative amount of ceramides was higher in the wrist as
compared with the upper forearm. This finding cannot be explained
by the interdependence between the ceramide fraction and the free
fatty acid fraction as the latter did not differ between the two sites.
Contamination of the endogenous long chain free fatty acid fraction
by short chain free fatty acids can be regarded as roughly equal
between the two sites. Consequently, the higher relative amount
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of ceramides in the wrist was balanced by a correspondingly lower
relative amount of cholesterol. It can be speculated that the low
cholesterol/ceramide ratio of the wrist may contribute to the
different water and charge carrier distributions and the higher
surface water evaporation and skin surface hydration of this area as
compared with the forearm. This stands in bright contrast to earlier
reports where ceramides are suggested to represent the bulk
substance building up the barrier towards TEWL. Evidently, the
ceramide fraction cannot be in charge of barrier functionality
independently of the other lipid fractions present in the skin;
however, the recorded differences in biophysical properties may
partly be due to different distributions of sweat glands and differences
in skin thickness. The number of sweat glands per cm2 has been
given to be about 200 in the wrist and 150 in the forearm (Rauber
and Kopsch, 1955). Likewise, differences in impedance indices
IMIX and MIX between wrist and forearm may partly be attributed
to differences in stratum corneum thickness (Nicander et al, 1995).
In addition, possible differences in ceramide carbon chain length
distributions, which could seriously effect the phase behavior of
the system, may contribute to the recorded differences in physical
barrier properties between the two sites.
The existence of monounsaturated free fatty acids is of special
interest because these most probably will be in a liquid crystalline
state at skin temperature; however, no differences in the relative
amount of palmitoleic and oleic acid were detected between the
wrist and the forearm. One reason for this lack of difference is
probably that these two fractions simply are contaminants (Norle´n
et al, 1998).
When estimating the actual lipid composition of the human skin
barrier it is necessary to take into account the inter-individual
variation and degree of contamination within the different lipid
fractions in the sample. Because the lowest degree of contamination
is found in the stripped sample this will be used as a basic standard.
It was earlier found (Norle´n et al, 1998) that only the long chain
free fatty acid subfraction of the total free fatty acid fraction is of
endogenous origin and that the median relative amount of long
chain free fatty acids (ù20C) was µ0.39. The cholesterol fraction
and the ceramide fractions are regarded as uncontaminated and
their median values, 0.24 and 0.47, respectively (Table I), are
therefore accepted without correction. In our in vivo analysis system
the fourth known constituent of the skin barrier, the cholesteryl
esters, was partly clouded by an unidentified contaminant (Norle´n
et al, 1998), probably being sebaceous wax esters because these
have a lot of chain length heterogeneity, causing peak broadening,
and elute in close proximity to the triacylglycerol and cholesteryl
ester peaks. Using breast skin, extracted in vitro by chloroform:meth-
anol, which does not carry this contaminant, we calculated the
relative amount of cholesteryl esters to ceramides. The deviation
due to a different location (breast area) and different extraction
procedure (Folch method) and media (chloroform:methanol) should
be small due to the following facts: (i) both the cholesteryl ester
fraction and the ceramide fraction are endogenous and not part of
either sebaceous or subcutaneous lipid populations; (ii) the extrac-
tion with chloroform:methanol is as potent as hexane:isopropanol
in extracting human stratum corneum lipids (Norle´n et al, 1998);
(iii) the inter-individual variation is large and thus diminishes the
effect of site dependence. It was shown that the median relative
amount of cholesterol esters to ceramides in female breast skin was
0.38. Thus the estimated lipid composition in weight percentage
of the human skin barrier was calculated to be 18% cholesteryl
esters, 11% saturated long chain free fatty acids, 24% cholesterol,
and 47% ceramides (Table V). The similarity with data obtained
by Wertz et al from human epidermal cysts is striking (10%
cholesteryl esters, 9% free fatty acids, 27% cholesterol, and 41%
ceramids) (Wertz et al, 1987). With the aid of data from Wertz and
Downing (Wertz et al, 1987; Downing, 1992), an approximate
molar ratio of the human skin barrier lipid composition can be
estimated by 15% cholesteryl esters, 16% saturated long chain free
fatty acids, 32% cholesterol, and 37% ceramides (Table V).
It is remarkable that the endogenous cholesteryl ester and the
Table V. Proposed human skin barrier lipid composition
(weight and molar percentage)
Cholesteryl Free fatty
esters acids Cholesterol Ceramides
Weight percentage 18 11 24 47
Molar percentage 15 16 32 37
free fatty acid fractions are approximately equally large in molar
quantities (15% and 16%, respectively), which may imply that they
originate from the same source. Because esterified free fatty acids
of cholesteryl esters are mainly monounsaturated (µ70 weight%
oleic acid; Wertz et al, 1987), it may be speculated that these and
the saturated long chain free fatty acids are the product of controlled
enzymatic breakdown of phospholipids of epidermal cell plasma
membranes or organelles (personal communication with Prof.
Philip Wertz, University of Iowa, Iowa, IA).
CONCLUSION
From this investigation we conclude the following. (i) Based on
our data, after subtraction of contaminating lipid fractions, the
molar ratio of the human skin barrier lipid composition can be
estimated by 15% cholesteryl esters, 16% saturated long chain free
fatty acids (ù20C), 32% cholesterol, and 37% ceramides. (ii) The
inter-individual difference in the relative amount of free fatty
acids, cholesterol, and ceramides, respectively, can be .100% in
the individual case; however, the biologic variation of the ratio
of cholesterol to ceramides was only 10.14%. (iii) The ratio of
cholesterol to ceramides does not differ between the inner and outer
stratum corneum; however, the TEWL, CM value, and electrical
impedance index PIX are higher in the inner stratum corneum,
whereas RIX is lower, reflecting a higher total water content and
different amounts and mobilities of charge carriers in the inner
layer as compared with the outer layer of stratum corneum. (iv)
The ratio of cholesterol to ceramides is smaller in the wrist as
compared with the upper forearm. Also, TEWL, CM value, and
electrical impedance indices IMIX and MIX are higher, whereas
RIX is lower, in the wrist, reflecting a higher skin surface water
loss and different water distributions in the stratum corneum of
the wrist area as compared with the upper forearm area. (v) In the
individual case, no correlation can be found between relative
ceramide content and barrier properties. Consequently, the relation
between skin barrier lipid composition and biophysical properties
at different skin locations is intricate and probably dependent on
the yet unknown phase behavior of this polymorphic lipid system.
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